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BACKGROUND: Prenatal exposure to perfluoroalkyl substances (PFAS) has been previously associated with preeclampsia, although findings are mixed
with respect to the direction and magnitude of effect. To our knowledge, no studies have examined associations between PFAS and preeclampsia sub-
types, which may have distinct etiologies.
OBJECTIVE:We examined associations between PFAS, any preeclampsia diagnosis, and early- and late-onset preeclampsia. In addition, we estimated
associations between PFAS and the angiogenic biomarkers soluble fms-like tyrosine kinase-1 (sFLT-1) and placental growth factor (PlGF), which
provide an estimate of pro- and anti-angiogenic activity within the placenta.

METHODS: This case–control study (n=75 cases, n=75 controls) was sampled from the LIFECODES birth cohort. Nine legacy PFAS were quanti-
fied in maternal plasma from early pregnancy (median= 10 wk) and angiogenic biomarkers were quantified in maternal plasma from four study visits
(median= 10, 18, 26, and 35 wk). Logistic regression was used to estimate the odds ratios (ORs) and 95% confidence intervals (CIs) of the associa-
tion between an interquartile range (IQR)-increase in PFAS and preeclampsia outcomes. Linear regression was used to estimate associations between
an IQR-increase in PFAS and concentrations of angiogenic biomarkers.

RESULTS: Both perfluorodecanoic acid (OR= 1.64, 95% CI: 1.08, 2.47) and perfluorooctanesulfonic acid (OR= 1.60, 95% CI: 1.06, 2.43) were asso-
ciated with higher odds of late-onset preeclampsia. Associations tended to be below the null for early-onset preeclampsia, although findings were
imprecise. Few associations were noted between PFAS and angiogenic biomarkers.
DISCUSSION: Maternal PFAS concentrations were associated with higher odds of late-onset preeclampsia. Heterogeneity of preeclampsia should be
considered in future studies because populations may have different distributions of disease subtypes. https://doi.org/10.1289/EHP9091

Introduction
Perfluoroalkyl substances (PFAS) are a set of synthetic chemicals
that are used widely in commercial products and manufacturing
(ITRC 2020a). These compounds are characterized by a perfluor-
oalkyl chain and a functional group (e.g., carboxylic, sulfonic
acid) (ITRC 2020b). Because the half-lives of some of these
chemicals are long, ranging from several days to over a decade
(ATSDR 2021), and they do not degrade in the environment
(Sunderland et al. 2019; Zhang et al. 2013), they are sometimes
referred to as forever chemicals. As a result, PFAS are ubiquitous
in the environment and are commonly detected in humans, both
in the United States (Calafat et al. 2019) and globally (Göckener
et al. 2020; Seo et al. 2018; Timmermann et al. 2020). Although
some long-chain PFAS are being phased out of production (and
also known as legacy PFAS), the use of other novel PFAS is
increasing (ITRC 2020a). Exposure to PFAS has been linked to a
wide array of adverse health outcomes, including reproductive
outcomes (Blake and Fenton 2020). For example, prenatal PFAS
exposure has been linked to excessive gestational weight gain
(Ashley-Martin et al. 2016; Mitro et al. 2020), preterm birth

(Meng et al. 2018; Waterfield et al. 2020), and preeclampsia
(Savitz et al. 2012; Stein et al. 2009).

Preeclampsia is a reproductive disorder that affects ∼ 2–8% of
all pregnancies within the United States (Ananth et al. 2013) and
represents a major contributor to maternal mortality (Steegers et al.
2010). Preeclampsia is defined as the presence of new orworsening
hypertension and proteinuria after 20 wk of gestation (ACOG
2013). Notably, the underlying causes of preeclampsia remain
poorly understood. This is in part because preeclampsia is a heter-
ogenous syndrome, with diverse clinical and pathophysiologic pre-
sentations. For example, preeclampsia is classically characterized
by the presence of an insufficient placenta, which is poorly per-
fused and hypoxic (Steegers et al. 2010). However, indicators of
severe placental disease disproportionately impact preeclampsia
cases that arise earlier during pregnancy (i.e., <34 wk gestation).
Late-onset preeclampsia (i.e., ≥34 wk gestation) cases often have
minimal placental involvement (Roberts and Hubel 2009; Steegers
et al. 2010). Early-onset disease is typically considered more
severe and is more strongly associated with adverse fetal and
maternal outcomes than late-onset disease (Bellamy et al. 2007;
Mongraw-Chaffin et al. 2010), although late-onset preeclampsia
may still progress to severe disease (Kenneth et al. 2010). Given
these observations, preeclampsia is thought to comprise different
subtypes that may have distinct mechanistic underpinnings
(Raymond and Peterson 2011; van der Merwe et al. 2010). Thus, it
may be necessary to examine associations between environmental
exposures and preeclampsia subtypes (i.e., early- and late-onset)
separately (vonDadelszen et al. 2003).

Early results from the retrospective C8 Health Study, which
includes a highly exposed population living in the Ohio River
Valley, indicated that perfluorooctanoic acid (PFOA) and per-
fluorooctanesulfonic acid (PFOS) were associated with higher
odds of self-reported preeclampsia (Savitz et al. 2012; Stein et al.
2009). However, more recent studies in populations with lower
PFAS exposures have reported mixed associations with this out-
come (Borghese et al. 2020; Huang et al. 2019; Huo et al. 2020;
Rylander et al. 2020; Starling et al. 2014; Wikström et al. 2019).
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To our knowledge, previous studies have not examined PFAS ex-
posure in relation to preeclampsia subtypes. Examining whether
there are distinct associations between PFAS and preeclampsia
subtypes may be important in understanding the heterogeneity in
previous studies because the sampled populations may have dif-
ferent distributions of early- or late-onset preeclampsia cases.
Furthermore, associations between PFAS exposure and circulat-
ing angiogenic biomarkers, such as soluble fms-like tyrosine
kinase-1 (sFLT-1) or placental growth factor (PlGF), should be
considered, given that toxicologic studies have demonstrated an
influence of PFAS on angiogenic processes in the placenta (Pham
et al. 2020; Poteser et al. 2020). These factors are released by the
placenta into the maternal circulation, giving an indication of the
balance of anti-angiogenic (i.e., sFLT-1) to pro-angiogenic (i.e.,
PlGF) activity within the placenta (Maynard et al. 2003;
McElrath et al. 2012). Notably, these factors have been shown to
predict preeclampsia onset (Steegers et al. 2010) and may prove
to have clinical utility in assessing disease risk (ACOG 2020).
Therefore, associations between PFAS and angiogenic bio-
markers may shed light on both the risk of developing preeclamp-
sia and the underlying mechanisms contributing to disease
progression.

In the present study, we used a case–control population
designed to examine associations between exposure to nine dif-
ferent legacy PFAS during early pregnancy and preeclampsia,
including early- and late-onset preeclampsia subtypes. Given dif-
ferences between early- and late-onset preeclampsia, we hypothe-
sized that associations with PFAS exposure could vary according
to disease subtype. In addition, we investigated whether PFAS
were associated with levels of the circulating angiogenic bio-
markers, sFLT-1 and PlGF, and the sFLT-1:PlGF ratio.

Methods

Study Design
In this study, we used a case–control population nested within the
larger LIFECODES study, an ongoing prospective pregnancy
cohort that began in 2006. The LIFECODES study is based at
Brigham and Women’s Hospital in Boston, Massachusetts, and
has been described in depth elsewhere (McElrath et al. 2012).
Briefly, women are eligible for the study if they are a) at least
18 years of age, b) sought prenatal care before 15 wk of gestation,
and c) intended on delivering at Brigham and Women’s Hospital.
All participants provide informed consent. Detailed questionnaires
about demographics andmedical history are provided andmaternal
plasma samples are collected at the first study visit (median= 10
wk gestation). After enrollment, participants attend three more
study visits (median= 18, 26, and 35 wk gestation), where plasma
samples are also collected. All specimens are stored at −80�C until
analysis. This studywas approved by the institutional review board
of Brigham andWomen’s Hospital.

This case–control study consisted of 150 participants
(n=75 preeclamptic cases; n=75 non-preeclamptic controls).
Participants were sampled from those recruited between 2006–
2008 (N =1648). First, cases were randomly sampled from
those with preeclampsia. Next, controls were subsequently
sampled from non-preeclamptic participants, with frequency
matching based on gestational age at the time of the first study
visit ( ± 2 wk gestation). The total number of participants in this
study was determined as a result of available funds for the cost
of PFAS analysis rather than power calculations. Gestational
age was estimated according to the American College of
Obstetrics and Gynecologists (ACOG) using the last menstrual
period with verification by ultrasound measures (ACOG 2017).

Definition of Preeclampsia
Preeclampsia was diagnosed according to ACOG guidelines
at the time of recruitment: new or worsening hypertension
(≥140mmHg systolic or ≥90mmHg diastolic blood pressure)
and proteinuria (>300 mg=24 h or protein/creatinine ratio of
>0:20) after 20 wk of gestation (ACOG 2013). All cases of pree-
clampsia were deidentified and reviewed by a panel of two
Maternal–Fetal Medicine–certified physicians. If consensus on
diagnosis could not be reached, a third Maternal–Fetal Medicine–
certified physician reviewed the case, and they met as a commit-
tee to resolve the conflict (necessary in ∼ 12% of all cases in
LIFECODES). Gestational age at disease onset was recorded.
Cases were further categorized as early- (n=21) or late-onset
(n=54), depending on whether disease onset occurred prior to
34 wk gestation (von Dadelszen et al. 2003).

Covariates
Information on potential covariates was collected using question-
naires administered at the first study visit (i.e., enrollment), includ-
ing maternal sociodemographics (e.g., race and ethnicity,
educational attainment, insurance status). The questionnaire asked
about several racial identities (i.e., “Caucasian,” “Black,” “South
Asian,” “East Asian,” “Native American/Pacific Islander,” “More
than one race,” “Other,” and “Unsure”) and participants were per-
mitted to select multiple responses and to provide free-form text
responses. Hispanic ethnicity was assessed separately. Behavioral
information (e.g., smoking, alcohol use) and health information
(e.g., personal health history, parity) was also self-reported on
questionnaires. Self-reported health information was validated by
two Maternal–Fetal Medicine specialists reviewing electronic
medical records. Routine clinical information (e.g., maternal
weight or blood pressure) was also collected at study visits. Body
mass index (BMI) was calculated using self-reportedmaternal pre-
pregnancy weight and height measured at the first study visit.
Potential confounders were identified using a directed acyclic
graph (DAG; Figure S1). Based on DAG analysis, the following
variables were determined to be a sufficient adjustment set: mater-
nal age, maternal BMI, maternal race and ethnicity, maternal edu-
cation, maternal insurance status, and parity. We additionally
considered whether smoking served as a potential confounder.
Factors were retained in the final models if their exclusion influ-
enced estimates by >10% relative to the sufficient adjustment set.

Quantification of Angiogenic Biomarkers
As previously described, levels of circulating maternal sFLT-1 and
PlGFwere measured in maternal plasma samples collected at each of
the study visits (McElrath et al. 2012). Both sFLT-1 and PlGF were
measured using ARCHITECT immunoassays (Abbott Laboratory).
Unbound PlGF concentrations from 1 to 1,500 pg=mL were meas-
ured and total sFLT-1 concentrations from 0:10 to 150 ng=mL were
measured. One sample had levels of sFLT-1 below the limit of detec-
tion (LOD) and was imputed as the LOD divided by the square root
of 2 (Hornung and Reed 1990). The ratio of sFLT-1 to PlGFwas also
calculated.

Quantification of Perfluoroalkyl Substances
Maternal plasma concentrations of nine legacy PFAS [per-
fluoroheptanoic acid (PFHpA), PFOA, perfluononanoic acid
(PFNA), perfluorodecanoic acid (PFDA), perfluoroundecanoic
acid (PFUnDA), perfluorohexane sulfonic acid (PFHxS),
PFOS, 2-(N-methyl-perfluorooctane sulfonamido) acetic acid
(MeFOSAA), and perfluorooctane sulfonamide (PFOSA)]
were measured in samples collected at the first study visit
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(median= 10 wk gestation) by NSF International (Ann Arbor,
MI). Concentrations of PFAS were measured using a method
developed to replicate the Centers for Disease Control and
Prevention (CDC) polyfluoroalkyl chemicals Method Laboratory
Procedure 6304.1 (Kuklenyik et al. 2005). Briefly, samples were
acidified prior to concentration, separation, and detection via on-
line solid-phase extraction (SPE) coupled to high-performance liq-
uid chromatography (HPLC)-isotope dilution tandem mass spec-
trometry (LC-MS-MS). Specifically, samples were concentrated by
on-line SPE interfaced with a Thermo Scientific Transcend system
using a Cyclone-P extraction column. The analytes were then sepa-
rated and focused using aDionexUltiMate 3000 ultra-HPLC system
with a reversed-phase chromatography using a Waters XBridge
C18 analytical column. Last, chemicals were detected using a
Thermo Scientific Transcend TXII Turbulent Flow system inter-
facedwith a Thermo Scientific QuantivaMS. Thismethodwas vali-
dated and found to perform within acceptance criteria established
within the CDCmethod. Levels below the LODwere replaced with
the LOD divided by the square root of 2 (Hornung and Reed 1990).
Eight of the measured PFAS were detected in at least 80% of the
study participants andwere used in further analyses.

Statistical Analysis
Statistical analyses were performed using SAS (version 9.4; SAS
Institute Inc.). Demographic characteristics of participants were
summarized in the overall cohort and according to case status. The
trajectories of angiogenic biomarker concentrations across preg-
nancy were visualized using scatter plots with locally estimated
scatter smoothing. The geometric mean (GM) and the 25th, 50th,
75th, and 95th percentiles of plasma PFAS concentrations and
angiogenic biomarkers were also calculated for the overall cohort
and according to case status and were contrasted using Wilcoxon
rank sum or Kruskal-Wallis tests, where appropriate. Plasma
PFAS concentrations measured in the LIFECODES cohort were
compared with measures reported in reproductive-age women in
the National Health andNutrition Examination Survey (NHANES;
cycle years: 2007–2008) (CDC 2019). Last, median PFAS concen-
trations were calculated according to demographic characteristics.
These concentrations were contrasted across demographic charac-
teristics using an analysis of variance following log-transformation
of the PFAS concentrations because of their skewed distribution.

In our primary analyses, we used logistic regression models
to estimate the odds ratio (OR) and 95% confidence interval (CI)
of preeclampsia for an interquartile range (IQR)-increase in the
concentrations of each PFAS. Logistic regression models were
also used to separately estimate the ORs (95% CIs) of early- and
late-onset preeclampsia. Given the matching design of this study,
all models were adjusted for gestational age (in weeks) at the first
study visit, when plasma samples were collected. In addition, the
following covariates were included in our final models: maternal
age (in years), prepregnancy BMI (in kilograms per meter
squared), maternal race (non-Black/Black), parity (nulliparous/
parous), maternal education (high school or less/some college or
technical school/college or greater), and health insurance (private
insurance/self-pay or public insurance). Because results were
similar when adjusting for maternal race and ethnicity as a col-
lapsed two-category variable (non-Black/Black), this collapsed
variable was used instead of the four-category race and ethnicity
variable (non-Hispanic White/Black/Hispanic/other) (Table S1).
Given that missing data was minor (Table 1), a complete case
analysis was performed in all subsequent analyses.

Although the case–control design of this study is most effi-
ciently analyzed using logistic regression models, we conducted a
secondary analysis of preeclampsia using Cox proportional haz-
ards regression, which is better suited for analyzing preeclampsia

outcomes given that it accounts for pregnancy duration and censor-
ing due to preterm birth (Weinberg et al. 2017). Cox models were
used to estimate the hazard ratios (HRs) and 95%CIs of preeclamp-
sia. To account for the case–control sampling, we calculated and
applied inverse probability weights (IPWs) based on the sampling
fractions for cases and controls from the underlying LIFECODES
cohort (case weight = 1:28, control weight = 17:5). Standard errors
(SEs) were estimated using robust sandwich variance estimation.
These models were constructed using the same covariates as the
logistic regression models. The proportional hazards assumption
was assessed and verified by creating time-dependent variables
for each predictor in the model and testing for significance
(Table S2).

Linear regression models were used to estimate the associa-
tion between an IQR-increase in individual plasma PFAS
concentrations and the concentrations of maternal angiogenic
biomarkers at each study visit. Again, IPWs were applied to these
models and robust sandwich variance estimation was used to esti-
mate the SE and appropriately account for the case–control study
design. Angiogenic biomarkers were ln-transformed prior to anal-
ysis because these measures were right skewed. The same covari-
ates from our logistic regression models were used to ensure
comparability between analyses. For models examining angio-
genic biomarker concentrations at the first study visit, gestational
age at the time of sample collection was represented using quad-
ratic coding given the nonlinear association between gestational
age and angiogenic biomarker concentrations at that time point
(Figure 1). For all other models, gestational age was represented
using a simple linear term. To increase the interpretability of the
results, beta estimates and SEs from these regression models
were converted to a percentage change value (95% CI) associated
with an IQR-increase in individual PFAS concentrations using
the following formula: percentage change= ðeb–1Þ×100.

Two sensitivity analyses were performed. Approximately 6%
of the overall cohort had chronic hypertension. Chronic hyperten-
sion can complicate the diagnosis of preeclampsia, particularly
when it co-occurs with kidney dysfunction (ACOG 2013).
Therefore, as a sensitivity analysis, all regression models were
reconstructed with additional adjustment for chronic hypertension
(no/yes). In addition, given that previous studies on this topic
have restricted their analyses to nulliparous women (Huo et al.
2020; Starling et al. 2014; Wikström et al. 2019), we replicated
our analysis on nulliparous women in this cohort. Statistical sig-
nificance throughout all analyses was defined as p<0:05.

Results

Study Population
Demographic characteristics of the cohort are shown in Table 1
and were consistent with those in the underlying LIFECODES
population (Honigberg et al. 2016). In general, participants who
developed preeclampsia tended to have a higher prepregnancy
BMI (29.3 vs. 24:3 kg=m2) and were more likely to self-identify
as Black (31% vs. 12%) and to be nulliparous (52% vs. 40%).
They were also less likely to have a college education (57% vs.
74%) and to have access to private health insurance (74% vs.
86%). In addition, participants who developed preeclampsia more
frequently reported a previous diagnosis of chronic hypertension
(19% vs. 5%) and having had preeclampsia in a previous preg-
nancy (13% vs. 1%). We observed no meaningful difference in
self-reported smoking during pregnancy between participants
who did and did not develop preeclampsia (9% vs. 7%).
Characteristics are further broken down according to early- and
late-onset preeclampsia in Table S3. Participants who developed
late-onset preeclampsia were less likely to have chronic
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hypertension (11% vs. 38%) and to have had preeclampsia in a
previous pregnancy (9% vs. 24%) compared with those who
developed early-onset preeclampsia.

The trajectories of angiogenic biomarkers were similar
between cases and controls (Figure 1). For example, PlGF levels
increase throughout pregnancy in both cases and controls, until
late pregnancy, when levels begin to fall. However, the concen-
trations of these biomarkers differed between cases and controls
(Table S4). Specifically, PlGF levels tended to be lower in
cases (Visit 1: 19.3 vs. 20:0 ng=mL; Visit 2: 106 vs. 120 ng=mL;

Visit 3: 280 vs. 444 ng=mL; and Visit 4: 165 vs. 366 ng=mL).
Concentrations of sFLT-1 and the sFLT-1:PlGF ratio were lower
among cases during early pregnancy and higher among cases
later in pregnancy. Differences in the levels of angiogenic bio-
markers were largest in magnitude when looking specifically at
participants who developed early-onset preeclampsia compared
with controls (Table S4). For example, concentrations of PlGF
were lowest among early-onset preeclampsia cases (Visit 1:
18:2 ng=mL; Visit 2: 58:8 ng=mL; Visit 3: 163 ng=mL; and Visit
4: 111 ng=mL) compared with both late-onset cases (Visit 1:

Table 1. Baseline demographics in the overall LIFECODES case–control study population and according to case status, recruited from 2006 to 2008.

Population characteristics

Median (25th–75th percentile) or n (%)

Total weighted population (n=150)a Controls (n=75) Preeclampsia cases (n=75)

Maternal age (y) 32.2 (29.2–36.2) 32.2 (29.4–36.3) 32.6 (27.9–36.2)
Maternal prepregnancy BMI (kg=m2) 24.3 (22.3–28.9) 24.3 (22.3–28.0) 29.3 (24.1–36.2)
Maternal race/ethnicity
White 90 (65) 49 (65) 41 (55)
Black 32 (13) 9 (12) 23 (31)
Hispanic 19 (16) 12 (16) 7 (9)
Otherb 9 (7) 5 (7) 4 (5)

Maternal education
High school or less 26 (15) 11 (15) 15 (20)
Some college/technical school 25 (12) 8 (11) 17 (23)
College or greater 96 (73) 54 (74) 42 (57)
Missing 3 2 1

Health insurance
Private insurance/HMO 117 (86) 64 (86) 53 (74)
Self-pay or Medicaid/Mass Health 29 (14) 10 (14) 19 (26)
Missing 4 1 3

Parity
Multiparous 81 (59) 45 (60) 36 (48)
Nulliparous 69 (41) 30 (40) 39 (52)

Smoking during pregnancy
No 138 (93) 70 (93) 68 (91)
Yes 12 (7) 5 (7) 7 (9)

History of chronic hypertension
No 132 (94) 71 (95) 61 (81)
Yes 18 (6) 4 (5) 14 (19)

Preeclampsia in a previous pregnancy
No 139 (98) 74 (99) 65 (87)
Yes 11 (2) 1 (1) 10 (13)

Fetal sex
Female 75 (48) 36 (48) 39 (52)
Male 75 (52) 39 (52) 36 (48)

Note: BMI, body mass index; HMO, health maintenance organization; IPW, inverse probability weight.
aDemographics presented for the total weighted population include IPWs to account for case–control selection and represent the weighted median (25th, 75th percentile) or the n
(weighted %).
bOther includes Asian (n=7), Other (n=2) race and ethnicities.
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Figure 1. Angiogenic biomarker concentrations across pregnancy by case status in the LIFECODES case–control study population, recruited from 2006 to
2008. (A) Maternal sFLT-1, (B) maternal PlGF, and (C) maternal sFLT-1:PlGF ratio. Individual data points are shown in circles for controls and triangles for
cases. Lines (solid lines for controls, dashed lines for cases) and shading are locally estimated scatter smoothing and associated 95% confidence intervals. Data
corresponding to this figure are in Table S4. Note: PlGF, placental growth factor; sFLT, soluble fms-like tyrosine kinase-1.
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19:5 ng=mL; Visit 2: 110:9 ng=mL; Visit 3: 298 ng=mL; and
Visit 4: 177 ng=mL) and controls (Visit 1: 20:0 ng=mL; Visit 2:
120 ng=mL; Visit 3: 444 ng=mL; and Visit 4: 366 ng=mL).

Concentrations of Plasma PFAS Biomarkers
In general, levels of PFAS in this cohort were lower than those
reported in reproductive age females from the 2007–2008 cycle of
NHANES (Table 2). For example, the GMof plasma PFOS concen-
trations in our cohort was 8:16 ng=mL compared with 10:7 ng=mL
in NHANES. No differences in PFAS levels were noted when com-
paring controls with participants who developed any type of pree-
clampsia (Table S5). However, levels differed when preeclampsia
cases were further categorized according to early- and late-onset.
Specifically, PFOS levels were lowest among participants who
developed early-onset preeclampsia and highest in those who devel-
oped late-onset preeclampsia (8.24 vs. 9:84 ng=mL). Similarly, lev-
els of MeFOSAA, PFDA, and PFUnDA were lowest among
participants who developed early-onset preeclampsia. Levels of
PFNA were highest among individuals who developed late-onset
preeclampsia (Table S5).

When compared across demographic characteristics, there
were some notable trends in PFAS concentrations (Table S6).
For example, white participants had the highest levels of PFHxS
and PFOS compared with other race and ethnicities. Participants
who smoked had lower levels of several PFAS, including PFDA
and PFHxS. Multiparous participants had lower levels of PFOA,
PFUnDA, PFHxS, and PFOS compared with nulliparous partici-
pants (Table S6).

Plasma PFAS Concentrations and Preeclampsia
Crude associations between PFAS and preeclampsia outcomes
are shown in Table S7. After adjusting for maternal age, prepreg-
nancy BMI, maternal race, maternal education, health insurance,
parity, and gestational age at the time of sampling, the associa-
tions between most PFAS and any preeclampsia were elevated,
although their CIs included the null (Figure 2; Table S8). For
example, PFDA was marginally associated with preeclampsia:
OR=1:41 (95% CI: 1.00, 2.00). When separately examining pre-
eclampsia subtypes, several associations were noted between
PFAS and late-onset preeclampsia. Specifically, an IQR-increase
in plasma concentrations of PFDA (OR= 1.64, 95% CI: 1.08,
2.47) and PFOS (OR= 1.60, 95% CI: 1.06, 2.43) was associated
with higher odds of late-onset preeclampsia. On the other hand,
the point estimates for associations between PFAS and early-

onset preeclampsia were primarily below the null, although
imprecise. For example, an IQR-increase in MeFOSAA was
associated with an OR= 0.25 (95% CI: 0.06, 1.03) for early-
onset preeclampsia. Models adjusting for chronic hypertension
did not differ from the main results (Table S9). When restricted
to nulliparous participants (n=69), estimates for the association
between PFAS and preeclampsia subtypes were much less pre-
cise. However, trends remained largely consistent (Table S10).
For example, the point estimates for early-onset disease remained
primarily below the null, whereas estimates for late-onset disease
were still above the null. Specifically, an IQR-increase in PFDA
was associated with an OR= 2.11 (95% CI: 0.99, 4.52) for late-
onset preeclampsia.

When analyzing these data using Cox proportional hazards
models, estimates for the association between PFAS and pree-
clampsia outcomes were largely similar (Table S11). When ana-
lyzing associations with late-onset preeclampsia, an IQR-increase
in PFDA remained associated with elevated risk of disease
(HR= 1.62, 95% CI: 1.25, 2.11). The estimate for an IQR-
increase in PFOS (HR= 1.46, 95% CI: 0.91, 2.34) and late-onset
preeclampsia remained above the null, although it was somewhat
attenuated. Notably, the association between MeFOSAA and
early-onset preeclampsia remained strongly below the null
(HR= 0.33, 95% CI: 0.13, 0.85) and increased in precision.

Plasma PFAS Concentrations and Angiogenic Biomarkers
Crude associations between PFAS and angiogenic biomarkers are
shown in Table S12. After adjusting for potential confounders,
few associations between PFAS concentrations and angiogenic
biomarkers were noted (Figure 3; Table S13). An IQR-increase
in concentrations of PFHpA and PFOA was associated with
lower PlGF concentrations, whereas PFUnDA was associated
with higher PlGF at Visit 1. An IQR-increase in PFDA concen-
trations was also associated with lower PlGF concentrations at
Visit 2, although associations were nonsignificant at other time
points. There were some associations with sFLT-1, including per-
sistent inverse associations between PFOS and sFLT-1 at Visits
2–4. Inverse associations between MeFOSAA and both sFLT-1
and the sFLT-1:PLGF ratio were also observed at Visits 2 and 3.

Discussion
In this case–control study, we examined the relationship between
PFAS exposure, preeclampsia, and angiogenic biomarkers. To our
knowledge, this study is the first to distinguish between

Table 2. Distribution of plasma PFAS concentrations (ng/mL) in the overall LIFECODES case–control study population, recruited from 2006 to 2008
(n=150), and in women from the National Health and Examination Nutrition Survey (NHANES) 2007–2008.

PFAS Carbon chain length LOD n (%) >LOD GM

Percentiles NHANES (2007–2008)
25th 50th 75th 95th GM

Perfluoroalkyl carboxylic acids
PFHpA 7 0.1 144 (96) 0.43 0.21 0.63 0.76 1.00 <LOD
PFOA 8 0.5 149 (99) 2.76 2.12 2.92 3.37 4.80 3.55
PFNA 9 0.1 149 (99) 0.83 0.66 0.85 0.99 1.66 1.09
PFDA 10 0.1 146 (97) 0.31 0.25 0.30 0.42 0.68 0.27
PFUnDA 11 0.1 127 (85) 0.23 0.15 0.23 0.38 0.55 <LOD
Perfluoroalkyl sulfonates
PFHxS 6 0.1 149 (99) 0.94 0.53 0.88 1.36 2.94 1.46
PFOS 8 0.1 149 (99) 8.16 5.77 8.45 10.7 18.1 10.7
Perfluoroalkyl sulfonamides
MeFOSAA 8 0.1 125 (83) 0.19 0.11 0.17 0.27 0.71 0.30
PFOSA 8 0.1 5 (3) — — — — — <LOD

Note: Descriptive statistics for plasma PFAS concentrations in the overall study population include IPWs to account for case–control selection. —, Not applicable; GM, geometric
mean; IPW, inverse probability weight; LOD, limit of detection; MeFOSAA, 2-(N-methyl-perfluorooctane sulfonamido) acetic acid; PDFA, perfluorodecanoic acid; PFAS, per- and
polyfluoroalkyl substances; PFHpA, perfluoroheptanoic acid; PFHxS, perfluorohexane sulfonic acid; PFNA, perfluononanoic acid; PFOA, perfluorooctanoic acid; PFOS, perfluorooc-
tane sulfonic acid; PFOSA, perfluorooctane sulfonamide; PFUnDA, perfluoroundecanoic acid.
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preeclampsia subtypes, which are believed to have distinct etiolo-
gies (Raymond and Peterson 2011; Roberts et al. 2021; von
Dadelszen et al. 2003) and may therefore have different associa-
tions with environmental exposures, such as PFAS. We observed
that plasma concentrations of both PFDA and PFOS were associ-
atedwith higher odds of late-onset preeclampsia in ourmain analy-
sis. The associations between PFAS and early-onset preeclampsia
were primarily below the null, although imprecise. Last, we exam-
ined whether PFAS were associated with changes in circulating
angiogenic biomarkers. Few significant associations were noted,
and point estimates were consistently below the null when examin-
ing PFAS in relation to angiogenic biomarker concentrations.

Participants in the present study had lower levels of many
PFAS compared with concentrations of PFAS reported in women
of reproductive age in NHANES (cycle years: 2007–2008).
However, concentrations in this study are within the range of PFAS
measurements reported in other studies on this topic. For example,
in a case–control study nested in the Norwegian Mother and Baby
(MoBA) study (n=976), maternal plasma concentrations of PFOA
(median= 2:78 ng=mL) were similar to those reported in this
cohort (PFOA median= 2:92 ng=mL), although PFOS concentra-
tions were somewhat higher (MoBA median= 12:87 ng=mL vs.
LIFECODES median= 8:45 ng=mL) (Starling et al. 2014). Other
cohorts, such as the prospective Maternal-Infant Research on
Environmental Chemicals (MIREC, n=1,739) study and the
Swedish Environmental Longitudinal, Mother and Child, Asthma
and Allergy (SELMA, n=1,773) pregnancy cohort, have reported
lower concentrations of PFOA and PFOS (Borghese et al. 2020;
Wikström et al. 2019). Because measures of some legacy PFAS in
the general population are declining over time (Göckener et al.
2020; Seo et al. 2018), the concentrations measured in the present

study may still be relevant to assessing the ongoing risks of these
exposures.

When examining preeclampsia subtypes, we observed that
PFDA and PFOS were associated with higher odds of late-onset
preeclampsia. On the other hand, associations between PFAS and
early-onset preeclampsia were below the null, although impre-
cise. Notably, work from the C8 Health Study (n=5,262) and the
SELMA study have previously reported associations between
higher PFOS exposure and preeclampsia incidence (Stein et al.
2009; Wikström et al. 2019). Nevertheless, findings across stud-
ies have been mixed and many, including a previous study from
the MoBA cohort, have reported largely null associations
between PFAS and preeclampsia diagnosis (Huo et al. 2020;
Rylander et al. 2020; Starling et al. 2014). One possible reason
for this heterogeneity is that although preeclampsia is commonly
studied as a single disorder, the disease is highly heterogeneous,
with multiple proposed pathophysiologic pathways and subtypes
(Roberts et al. 2021; Staff 2019). For example, early- and late-
onset preeclampsia have distinct, although overlapping, risk fac-
tors. Specifically, chronic hypertension or previous preeclampsia
diagnosis is a stronger risk factor for early-onset preeclampsia,
whereas diabetes mellitus and nulliparity are more strongly asso-
ciated with late-onset preeclampsia according to previous studies
(Lisonkova and Joseph 2013; You et al. 2018). Such risk factors
may differ between cohorts being sampled from different source
populations based on geographic location or other factors.
Because mechanistic pathways may differ between preeclampsia
subtypes (Staff 2019; von Dadelszen et al. 2003), incorporating
information about disease phenotypes may facilitate the identifi-
cation of exposures that could contribute to specific subtypes of
the disease.

Any preeclampsia Early−onset preeclampsia Late−onset preeclampsia

0.1 0.3 1.0 0.1 0.3 1.0 0.1 0.3 1.0

MeFOSAA

PFOS

PFHxS

PFUnDA

PFDA

PFNA

PFOA

PFHpA

OR (95% CI) of Preeclampsia
Figure 2. Adjusted ORs (95% CIs) of preeclampsia outcomes associated with an IQR-increase in PFAS in the LIFECODES case–control study population
recruited from 2006 to 2008. Point estimates for (A) any preeclampsia (circles), (B) early-onset preeclampsia (triangles), and (C) late-onset preeclampsia
(squares) are flanked by lines that indicate the 95% CI. Estimates are from logistic regression models adjusted for maternal age (in years), prepregnancy BMI
(in kg=m2), maternal race (non-Black/Black), parity (nulliparous/parous), maternal education (high school or less/some college or technical school/college or
greater), health insurance (private insurance/self-pay or public insurance), and gestational age at time of sample collection (in weeks). Case n=71 (n=19
early-onset and n=52 late-onset), control n=73. Data corresponding to this figure are in Table S8. Note: BMI, body mass index; CI, confidence interval; IQR,
interquartile range; MeFOSAA, 2-(N-methyl-perfluorooctane sulfonamido) acetic acid; OR, odds ratio; PDFA, perfluorodecanoic acid; PFAS, per- and poly-
fluoroalkyl substances; PFHpA, perfluoroheptanoic acid; PFHxS, perfluorohexane sulfonic acid; PFNA, perfluononanoic acid; PFOA, perfluorooctanoic acid;
PFOS, perfluorooctane sulfonic acid; PFUnDA, perfluoroundecanoic acid.
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Understanding our findings warrants greater consideration of
the different characteristics of early- and late-onset preeclampsia.
Classically, all preeclampsia has been believed to be initiated by
a failure of placental trophoblastic cells to adequately invade into
maternal decidua and replace the endothelial lining of the uterine
spiral arteries, which is a process that occurs early during preg-
nancy (Pijnenborg et al. 2006; Steegers et al. 2010; Zhou et al.
1997). However, this etiology is more strongly associated with
the early-onset phenotype of preeclampsia (Raymond and
Peterson 2011). On the other hand, late-onset preeclampsia often
appears to occur even when placental development is sufficient.
Instead, this phenotype is characterized by placental underperfu-
sion, where the placenta has outgrown its supply or its supply is
limited (Redman and Staff 2015; Roberts and Hubel 2009). It has
been proposed that this underperfusion may be the result of ex-
cessive trophoblast senescence (Cox and Redman 2017) or other
intrinsic maternal factors, such as obesity, which may contribute
to higher levels of placental stress (Staff 2019; Steegers et al.
2010). Thus, although both phenotypes involve suboptimal pla-
cental perfusion, the two are distinct in their underlying patho-
physiology. Our findings in the present study suggest that PFAS

exposure may be more closely related to late-onset preeclampsia
and, therefore, to mechanisms aside from aberrant placentation.
However, it should be noted that existing toxicologic evidence
indicates that PFAS may alter processes that are implicated in
early-onset disease, including trophoblast migration and invasion
(Szilagyi et al. 2020) and angiogenic processes (Pham et al.
2020; Poteser et al. 2020). Exposure to PFAS has also been
shown to alter placental weight, disrupt its labyrinth structure,
and induce congestion and clot formation (Blake et al. 2020), as
well as apoptosis (Jiang et al. 2020), in in vivo studies. In light of
this mechanistic evidence, further consideration of the relation-
ship between PFAS and preeclampsia subtypes is warranted. In
addition, most mechanistic studies on the effects of PFAS on pla-
cental development and function have focused on a small number
of PFAS (e.g., PFOS and PFOA) and further research into a
greater number of substances would foster an increased under-
standing of the results observed in the present study and others.

It is possible that our estimates for the association between
PFAS and preeclampsia could be influenced by reverse causation.
A range of human studies, including cross-sectional and prospec-
tive studies, have demonstrated that the distribution and excretion
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Figure 3. Adjusted percentage change (95% CI) in angiogenic biomarkers associated with an IQR-increase in PFAS in the LIFECODES case–control study
population, recruited from 2006 to 2008. Estimated percentage changes are displayed with circles (sFLT-1), triangles (PlGF) and squares (sFLT-1:PlGF ratio)
and are flanked by lines that indicate the 95% CI. Estimates are from linear regression models adjusted for maternal age (in years), prepregnancy BMI (in
kg=m2), maternal race (non-Black/Black), parity (nulliparous/parous), maternal education (high school or less/some college or technical school/college or
greater), health insurance (private insurance/self-pay or public insurance), and gestational age at time of sample collection (in weeks). Visit 1 n=138, Visit 2
n=128 , Visit 3 n=126, and Visit 4 n=124. Data corresponding to this figure are in Table S13. Note: BMI, body mass index; CI, confidence interval; IQR,
interquartile range; MeFOSAA, 2-(N-methyl-perfluorooctane sulfonamido) acetic acid; PDFA, perfluorodecanoic acid; PFAS, per- and polyfluoroalkyl substan-
ces; PFHpA, perfluoroheptanoic acid; PFHxS, perfluorohexane sulfonic acid; PFNA, perfluononanoic acid; PFOA, perfluorooctanoic acid; PFOS, perfluorooc-
tane sulfonic acid; PFUnDA, perfluoroundecanoic acid; PlGF, placental growth factor; sFLT-1, soluble fms-like tyrosine kinase 1.
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of PFAS is sensitive to changes in kidney function (Blake et al.
2018; Jain and Ducatman 2019; Sagiv et al. 2015), especially al-
bumin excretion given that albumin is the primary carrier protein
of PFAS in the blood (Forsthuber et al. 2020). Specifically,
higher urinary albumin and lower serum albumin levels have
been shown to correspond to lower concentrations of plasma
PFAS (Jain and Ducatman 2019; Sagiv et al. 2015). Although we
measured PFAS concentrations well before the onset of pree-
clampsia, urinary albumin levels have been observed to increase
months before the disease becomes clinically apparent (Babu
et al. 2015; Baweja et al. 2011; Ekbom et al. 2000; Jensen et al.
2010; Shaarawy and Salem 2001). We expect that this would dis-
proportionately impact our estimates for early-onset preeclampsia
(samples collected 12–25 wk prior to disease onset) compared
with late-onset cases (samples collected 21–32 wk prior to dis-
ease onset). This may be reflected in our crude analysis of PFAS
concentrations, where concentrations of several PFAS were low-
est in women who developed early-onset preeclampsia compared
with both controls and late-onset preeclampsia cases. Thus, it is
possible that plasma PFAS levels in women who developed
early-onset preeclampsia were lower, in part, because of already-
changing patterns of albumin excretion.

In general, associations between PFAS and angiogenic bio-
markers were null. These biomarkers are better predictors of
early-onset preeclampsia (Levine et al. 2004; Pinheiro et al.
2014). Thus, the lack of robust associations with the angiogenic
biomarkers is consistent with our observation that PFAS were
primarily associated with late-onset preeclampsia. Nevertheless,
we found that an increase in PFDA was associated with lower
PlGF concentrations at Visit 2 and was weakly associated with
lower PlGF concentrations at Visit 4. Given that higher circulat-
ing concentrations of PlGF negatively predict preeclampsia risk
(Agrawal et al. 2019), this suggests that greater exposure to
PFDA is associated with increased risk of preeclampsia and
aligns with our observation that PFDA was associated with
higher odds of late-onset preeclampsia. On the other hand, an
IQR-increase in MeFOSAA was associated with lower sFLT-1
and a lower sFLT-1:PlGF ratio at Visits 2 and 3. Notably, PFOS
was also associated with lower sFLT-1 concentrations at Visits 2
through 4. Higher sFLT-1 and a higher sFLT-1:PlGF ratio are
typically thought to be indicative of greater preeclampsia risk
(Agrawal et al. 2019; Allen et al. 2014; Veisani et al. 2019).
However, in the present study, sFLT-1 concentrations and the
sFLT-1:PlGF ratio were not consistently higher among women
who developed preeclampsia until late pregnancy (i.e., Visit 4).
Taken together, these findings provide weak support for the
adverse influence of PFAS on indicators of placental angiogene-
sis and, instead, suggest that PFAS may influence preeclampsia
via other mechanisms, such as maternal inflammatory or meta-
bolic dysregulation.

This study is not without limitations. We used a case–control
population sampled from patients at Brigham and Women’s
Hospital. This study center serves as a tertiary care clinic and
receives higher-risk pregnancies, which may limit the generaliz-
ability of these results. In addition, the study sample was small to
moderate in size. However, the case–control sampling scheme
resulted in having many preeclampsia cases (n=75) relative to
several other large cohort studies on this topic (Borghese et al.
2020; Huo et al. 2020; Wikström et al. 2019). Also in contrast to
other studies on this topic, the present study sampled women who
were multiparous, as well as those who had preexisting chronic
hypertension. Many previous studies have chosen to exclude
these women because the confounding structure of the PFAS–
preeclampsia relationship may differ depending on parity
(Starling et al. 2014) and because chronic hypertension is known

to make the diagnosis of preeclampsia more difficult and poten-
tially less reliable (ACOG 2013). Although we performed an
analysis restricted to nulliparous women, the small number of
nulliparous women in this cohort (n=69) limited our ability to
fully examine this issue. Likewise, the diagnosis of preeclampsia
in this study was rigorously validated by at least two Maternal–
Fetal Medicine physicians and sensitivity analyses adjusting for
chronic hypertension did not change the conclusions of our main
results. Last, we were missing information on several factors
related to reproductive characteristics that could have an impact
on both PFAS concentrations and pregnancy outcomes, including
interpregnancy interval or new paternity, and menstrual charac-
teristics (Singer et al. 2018).

The present study also has several strengths. First, as previ-
ously mentioned, the rigorous validation of preeclampsia cases
allowed for the determination of early- and late-onset preeclamp-
sia subtypes. Preeclampsia is heterogenous. Although it is diag-
nosed based on a shared set of symptoms (i.e., hypertension and
proteinuria), the pathophysiological diversity in the disorder sup-
ports separating it into distinct subcategories (Raymond and
Peterson 2011; van der Merwe et al. 2010). In this study, we
found that associations could differ depending on the preeclamp-
sia subtype, underscoring the importance of being able to incor-
porate this information into future studies of preeclampsia. In
addition, having estimates of disease onset allowed for secondary
analyses of these data using Cox proportional hazard models,
which more adequately accounted for preterm birth as a compet-
ing risk (Weinberg et al. 2017). This may be relevant in the study
of PFAS and preeclampsia given that PFAS have also been asso-
ciated with a higher risk of preterm birth (Meng et al. 2018;
Waterfield et al. 2020). Last, this study measured PFAS exposure
using maternal plasma collected in early pregnancy. It is known
that kidney function, which changes across pregnancy, impacts
the distribution and excretion of PFAS (Sagiv et al. 2018). Thus,
having an early measure of PFAS exposure minimizes the poten-
tial that our exposure measures are biased from these effects.

Conclusions
We observed that several PFAS were associated with increased
odds of late-onset preeclampsia. Associations with early-onset
preeclampsia were primarily below the null, although findings
were imprecise given the small number of cases. One possible ex-
planation for inconsistency in the current literature on PFAS and
preeclampsia may, in part, be due to not considering the hetero-
geneity of this disease.
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